Climate change and pollution are some of the greatest anthropogenic threats to wild animals.
Introduction above) suggest that such effects may be likely. However, no systematic investigation into the 83 sources of variation in egg THs have been conducted in fish (Ruuskanen and Hsu, 2018) . 84 We explored the causes of variation in maternal thyroid hormones in a common fish 85 model, the three-spined stickleback (Gasterosteus aculeatus). Given the extremely scarce 86 literature, we took an exploratory approach and studied environmental and potential genetic 87 variation in maternal TH transfer using correlational and experimental approaches. This species 88 was selected as it is an abundant and wide-spread species across the Northern Hemisphere, and 89 an important species in biomonitoring and ecotoxicology as well as in behavioural and 90 ecological studies (e.g. Scholz and Mayer, 2008) . First, we sampled fish in six populations in 91 the Baltic Sea (Fig 1) , of which two were from discharge water areas of nuclear power plants, 92 and four reference populations. Areas used for nuclear power discharge waters function as a 93 natural experiment for long-term temperature increases, mimicking the effects of global 94 warming, as discharged water is about 10-12 °C warmer than the intake water, and the 95 discharge has continued for decades (Keskitalo and Ilus, 1987) . This higher water temperature 96 at the nuclear power plants could be a potential selecting agent on thermal physiology, 97 including TH levels. We measured intraovarian THs of the fish from these six populations after 98 an acclimation period in the laboratory. If there has been selection for altered TH metabolism 99 and TH transfer in wild populations in these warmer water areas, we expect to see altered 100 ovarian TH levels in the populations at the vicinity of the nuclear power plants compared to 101 reference areas. Given that stickleback populations across the Baltic Sea are genetically 102 different from each other, and the populations differ in response to thermal habitats and salinity 103 they encounter (Guo et al., 2015) , we may also expect overall differences in THs among the 104 six populations. Furthermore, we tested the effects of temperature also experimentally by 105 exposing the fish from each population to a mild temperature treatment (10°C increase), 106 mimicking a heat wave. We predict that intraovarian T3 and T4 should be higher in the heat 107 stress treatment compared to controls, due to increasing metabolic rates.
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Second, contamination in the Baltic Sea is quite high with metals such as copper (but 109 also zinc, lead, cadmium and mercury) reported in sediments, seawater, and e.g. liver tissues 110 of herring and cod, and they influence e.g. physiology in mussels (Lehtonen et The experiments were conducted with wild, adult female three-spined sticklebacks caught from 118 a wide geographical range, six different locations across the Baltic Sea (see Fig 1) . Three of 119 the locations were in Gulf of Finland and three in Gulf of Bothnia. In both Gulfs one of the 120 locations was in the cooling water discharge area of a nuclear power plant, where discharged 121 water is about 10-12 °C warmer than the surface water and the discharge has continued for 122 decades (Keskitalo and Ilus, 1987 average daily temperatures ± SD are presented in Supplementary Table 1 . 133 The adult fish were caught with beach seine net and transferred to University of Turku 134 for rearing. No mortalities were observed during the transfer and the acclimation period in 135 laboratory facilities. The fish (N=100 per population, mixed sexes, some of the fish were used 136 also in other experiments) were let to acclimate into 180 L tanks at +16°C for two weeks (each 137 population in its own tank). Water salinity was 4 ppt (filtered water with 76% NaCl; 20% Experimental treatments 150 After the recovery period, the fish were exposed to three different environmental conditions in 151 their rearing tanks: control (CTRL7D), sublethal level of copper (Cu 7D) or heat stress (HS 152 7D) for one week. Equal numbers of fish from each sampling location were distributed to all 153 three treatments. Fish were sampled before and after the exposures (see below). The sub-lethal 154 copper exposure (CU 7D) was conducted for a total number of 127 fish in three tanks (20 7 female fish from one tank were sampled for the current study). A total of 120 fish in three 156 replicate control tanks (CTRL 7D) were treated similarly but no copper was added to tanks (25 157 female fish from one tank were sampled for the current study). For exposure, Cu 2+ was added 
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A third group of fish (N=125 in total in three tanks, 20 female fish from one tank were 171 sampled for the current study) was exposed to heat stress (HS 7D) for a week during the same 172 time as the other fish were exposed to copper/control treatment. For simulating an 173 environmental heat wave the water temperature in the experimental tanks (16°C) was gradually 174 increased by 1°C every 30 minutes until reaching 26°C and kept at this temperature for a week. All statistical analyses were conducted with SAS Enterprise Guide version 7.1. T4 221 concentration (pg/mg) was log-transformed to reach normality. We first analysed differences 222 in intraovarian T3 and T4 among long-term heat exposed (i.e. populations in the vicinity of the 223 nuclear power plants that are exposed to warm discharge waters; pooled LOV and OLK, N = were included as fixed effects and population as a random intercept to account for non-234 independence of fish from the same population. Finally, we also repeated the above models for 235 fish size (mm). Post-hoc tests were further used to test pair-wise differences among treatments. 
Results
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When using data from control treatments only (pooled CRTL and CRTL 7D), we found no 243 differences in intraovarian T3 or T4 concentration in sites exposed to warm discharge waters 244 (pooled LOV and OLK) compared to reference sites (pooled four reference sites, T3: F1,36 = 245 0.88, p = 0.18, T4: F1,36 = 0.25, p = 0.62; Mean (pg/mg) ±SE: T3 exposed populations: 246 1.60±0.19, T3 reference populations: 2.21±0.24; T4 exposed populations: 0.57±0.08; T4 247 reference populations 0.53±0.04). When further comparing all populations, we found no strong 248 statistical evidence for differences among populations in intraovarian T3 or T4 concentration 249 (T3: F4,30 = 0.50, p = 0.73, T4: F4, 30 = 2.38, p = 0.08 ; Fig 2a, b) . Body mass correlated negatively 250 with intraovarian T3 concentration (estimate±SE: -0.842±0.363, F1,30 = 5.37, p = 0.027), but 251 not with T4 concentration (F1, 30 = 0.0, p = 0.96). Fish size did not differ among exposed and 252 reference populations (F1,35 = 1.89, p = 0.18), while there were small differences among 253 populations (F4,32 = 6.92, p = 0.004): fish from KOT were significantly smaller than those from 254 OLK, PYH and POR (see Suppl Table 2 ).
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In the copper exposure treatment, the measured concentrations of copper were 91, 101, 256 91 and 22 µg/L after 2 hrs and 35, 48, 37 and 18 µg/L after one week in the three exposure and 257 one control tank, respectively. The exposure concentration was relatively high but within 258 environmentally relevant concentration range and has not been shown to cause mortality in 259 sticklebacks in previous studies (Sanchez et al., 2005) . According to chemical water analyses 260 all the fish in current study were exposed to low concentration of the copper since they were 261 brought to laboratory facilities due to the technical purity of salts for producing brackish water.
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After experimental exposure to copper for 7 days, fish from copper exposure group had higher 263 intraovarian T3 and T4 concentration compared to fish from control treatment (T3: overall test 264 F2,53.1 = 3.14, p = 0.05, post-hoc Control vs Cu t52.3 = -2.30, p = 0.02; T4: F2, 53 = 2.62, p = 0.08,
265
Control vs Cu t53.8 = -2.26, p = 0.027, Fig 3a, b) . T3 or T4 concentrations of fish from the heat 266 treatment did not differ statistically from control treatment (post-hoc p-values >0.45), while 267 ovarian T3 concentration was lower in heat treatment compared to copper exposed fish (t52 = 268 2.52, p = 0.045, Fig 2a) . Fish size did not differ among the treatments (F2,51 = 0.64, p = 0.53). were not influenced by short-term experimental exposure to heat, we may conclude that 284 temperatureusing the tested experimental duration and scopemay not influence transfer of 285 THs to eggs and offspring. The sample size was, however, rather low in the among-population 286 comparison, and the differences in environmental conditions (see Suppl Table 1) We found that individuals exposed to environmentally relevant concentrations of 294 copper for seven days showed higher intraovarian T3 and T4 levels than controls. While The association between plasma and intraovarian/egg hormone levels in fish has not 309 been fully elucidated, but if we assume that there is some correlation between intraovarian and 310 circulating TH levels (Ayson and Lam, 1993; Brown et al., 1988; Brown et al., 2014; Kang and 311 Chang, 2004; Raine and Leatherland, 2003) , our results are in parallel with those of common 312 carp (see above). Interestingly, our hormone measurements of the two forms (T3 higher than 313 T4) were contrasting compared to whole body measurements in the same species (T3 lower 314 than T4, Gardell et al., 2017) , and egg measurements on other species (T3 lower than T4, Chen 315 et al., 2017). We can speculate that this may be due to differential deposition of the two forms, 316 or deiodinase function, converting T4 to T3 in the ovaries in these species and sample type.
317
The increased T4 and T3 levels in response to copper exposure reported in this study suggest 318 that T4 biosynthesis or degradation was altered, but also that conversion of T4 to T3 was 319 potentially increased. Increased TH levels could be explained by increased metabolic rates and 320 energy expenditure in response to copper exposure, along with increased oxidative stress (De 
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In contrast to our predications, we did not find any differences in TH concentrations 326 between experimental heat treatment and control. In a previous study it has been found that 327 three weeks acclimation to high and low temperature changed the muscle TH profile of 328 zebrafish, warm acclimated fish having higher concentrations of T3 and T2 than cold 329 acclimated ones (Little et al., 2013) . However, in their study the warm-acclimated fish were 330 not sensitive to changes in hormone levels suggesting that with temperature exposure also e.g.
331
TH transporters and receptors need to be evaluated. This could be one reason why we did not 332 see any change in egg TH levels with heat stress even though it is well known that heat stress 333 increases the metabolic rate of fish (e.g. Anttila et al., 2013; Fry, 1947) . 334 We conclude that variation in intraovarian THs was not explained by (genetic) variation 335 among populations nor short-term heat exposure. Given that parental temperature environment 336 is known to alter offspring phenotype (e.g. Donelson et al., 2012; Donelson et al., 2018) , further 337 studies are needed to elucidate the molecular mechanism of such transgenerational effects.
338
Both T4 and T3 levels in ovaries were altered in response to moderate copper exposure, and 339 now the next step is to characterize potential functional consequences of altered THs on 340 offspring phenotype, which would allow us to understand the scope for transgenerational 341 endocrine disruption. The project was financially supported by Academy of Finland (SR), Kone Foundation (KA) 352 and Turku Collegium for Science and Medicine (KA). 354 We declare no conflict of interest. 
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